This paper reports on the intrinsic advantages of thermoelectronic flow sensors in comparison to their thermoresistive and thermoelectric counterparts. Hereafter, we will numerically and experimentally show that thermoelectronic flow sensors (i.e. thermal flow sensors employing p-n junction based devices as temperature sensors) benefit from the possibility of having the temperature sensor located in the hottest area of the heating element for enhanced convective effects and thus improved sensor sensitivity (Average Sensitivity +42%). Further improvements can be achieved by putting more diodes in series (Average Sensitivity +380%). A multidirectional thermoelectronic flow sensor is also reported.
INTRODUCTION
Thermal fluid flow sensors rely on the thermal interaction between the sensor itself and the fluid. Heat is generated via Joule heating and is imparted to the fluid via convection. The fluid cooling effect is then measured with a temperature sensing element and correlated to a fluid property (e.g. velocity). Depending upon the temperature transduction principle, flow sensors can be also classified into: (i) thermoresistive, (ii) thermoelectric and (iii) thermoelectronic, wherein the temperature is respectively measured by at least a resistor, a thermopile and a diode/transistor. In the last forty years, in parallel with the improvement of semiconductor based technologies, the number of patents and publications in the field is greatly increased, especially for thermoresistive and thermoelectric flow sensors. Detailed reviews of thermal fluid flow sensor have been published (e.g. [1] ). Very few studies are related to thermoelectronic flow sensors; some works follow hereafter. In 1972, Steedman was among the first to propose the use of discrete self-heated transistors for flow sensing purposes [2] . More recently a similar approach was also adopted by Makinwa et al. [3] . However discrete devices lack of effective means for thermal isolation, resulting in high power consumption, small overheat, slow thermal transients and ultimately poor sensitivity and frequency response. Micromachining technologies can of course be used to mitigate these issues. For example, in [4] a polysilicon heater and a first diode, used for heater temperature monitoring, are placed on a silicon membrane. A second diode is placed on the substrate for ambient temperature monitoring. A similar sensor is also presented in [5] , where more transistors in diode configuration are connected in series in order to improve the temperature sensitivity of the sensor. However, the use of silicon as membrane material is not ideal due to the high thermal conductivity of the silicon layer. In [6] a silicon membrane perforated by slots of thermally insulating material is proposed as a solution to mitigate power dissipation, sensitivity and dynamic response issues, at the expenses of a more complex fabrication process, still without completely removing the silicon from the membrane.
In this work we present a CMOS thermoelectronic flow sensor having tungsten heating elements and diodebased temperature sensors embedded within a fully dielectric membrane. We numerically and experimentally show the advantages of our approach. A multidirectional thermoelectronic flow sensor is also reported.
EXPERIMENTAL
The sensors were designed using Cadence Virtuoso layout editor. An optical micrograph of a fabricated flow sensor is presented in Fig. 1 . The sensor chip comprises five 400 µm long and 2 µm wide tungsten heating resistors (often referred to as hot-wires). In this study only the central hot-wire (n. 3) is used. A p+/p-well/n+ diode temperature sensor (often referred to as thermodiode) is embedded underneath each hot-wire. The heating resistors are also provided with two extra tracks with the purpose of allowing their resistances to be precisely measured in a 4-wire configuration. Effective thermal isolation and robust mechanical support for the heating and the temperature sensing elements is achieved by mean of a ~5 µm thick dielectric membrane. The membrane was designed to be circular (1.2 mm diameter) in order to obtain a uniform mechanical stress distribution at the edge with the silicon substrate. All pads were placed far away from the sensing area in order to avoid interaction between the air flow and the bonding wires. The thermoelectronic flow sensor was fabricated using a 1 µm SOI CMOS process with tungsten metalization followed by DRIE back-etch post-CMOS MEMS process step in a commercial foundry. Tungsten was preferred to aluminium as metal layer because of its superior electro-thermo-mechanical properties [7] , leading to a lower susceptibility to electromigration, higher mechanical strength and higher operational temperature. For instance, in [8] tungsten based microhotplates are shown to easily reach temperature in excess of 600 °C. DRIE was chosen as membrane releasing process, because it allows vertical sidewalls to be obtained and therefore chip size reduction. In addition, the employment of DRIE does not put any limitations in terms of the membrane shape, since it is not constrained by the silicon substrate lattice orientation. Furthermore, accurate control on the etching depth is guaranteed by the buried oxide layer, which acts as effective etch-stop. A schematic cross-section depiction of the fabricated device is presented in Fig. 2 .
The 6" wafers were laser diced in a commercial dicing house. Several dies (1.6 mm × 1.6 mm in size) were then bonded in-house onto commercially available CPGA packages. A smooth planar surface was achieved, in order to minimize unwanted turbulences, by raising the die level up to the CPGA top surface level with a silicon substrate and several layers of die-attach, and then filling the cavity with a liquid polymer subsequently hardened by UV curing. 
RESULTS AND DISCUSSION
Firstly, the temperature coefficients of resistance (TCR1 and TCR2) of the tungsten hot-wires were extracted between 30 °C and 300 °C, using a probe station fitted with a hot-chuck (TCR1=2.05e , where RH is the hot-wire resistance at a temperature T, RH0 is the hot-wire resistance at ambient temperature (T0), and ∆T=T-T0. The hot-wire average temperature as a function of the hot-wire power dissipation is plotted in Fig. 3 . The electro-thermal conversion efficiency was found to be 45 µW/°C. In Fig.  4 the diode forward bias voltage as a function of the temperature is presented for three different driving currents (Id=1 µA, 10 µA, 100 µA), resulting in a sensitivity of -1.8 mV/°C, -1.6 mV/°C and -1.3 mV/°C. Such nearly-linear high temperature operation capabilities of our diodes is not surprising given some other reports in literature [9] . Fig. 3 and Fig. 4 also show high reproducibility of the electro-thermal performance from different chips across a wafer.
Finally, a thermoelectronic flow sensor was calibrated for wall shear stress measurements. A packaged sensor was surface-flush mounted on a rotating stage within a suction-driven experimental wind tunnel (50 cm wide, 2.5 cm high and 2.5 m long). The sensor was located along the centre-line of the upper wall of the wind tunnel at a distance of 2 m from the inlet, where the flow is fully developed, turbulent and effectively twodimensional. The flow rate and thus the shear stress were controlled by modulating the suction driving the flow. The pressure distribution along the tunnel was measured with a pressure transducer array (PSI 9016) and the wall shear stress calculated as τ=(dP/dx)×(h/2), where τ is the mean wall shear stress, dP/dx is the pressure gradient in the stream-wise direction x, and h is the wind tunnel height.
It is purpose of this work to show that thermoelectronic flow sensors can overcome some of the drawbacks intrinsic of the other transduction principles. In thermoresistive flow sensors the heating element works also as temperature sensor. As a consequence several drawbacks arise: (i) the heater design is coupled to the temperature sensor design, thus making impossible an independent optimization of the two components, (ii) the temperature sensor sensitivity is proportional to the TCR of the material used, and in a CMOS process the material choices are very limited, (iii) the heating/sensing element suffers from electromigration. In thermoelectric flow sensors thermopiles are used as temperature sensors. The main drawbacks of this transduction principle are: (i) thermopiles often offers a thermal bridge between the hotzone of the sensor and the substrate, increasing the heating element power dissipation and "flattening" the temperature profile distribution in the sensing direction reducing the sensor sensitivity, (ii) there is a trade-off between number of thermocouples, thermal noise and occupied area -an increase in the number of thermocouples forming a thermopile results not only in a higher thermopile sensitivity, but also in a higher thermopile resistance worsening the thermal noise; in addition the occupied area will increase along with the thermal bridge effect. In the present device, the employment of diodes allows the overcoming of the drawback associated with thermoresistive and thermoelectric transduction principles as follows: (i) the temperature sensor design is decoupled from the heater design, (ii) diodes do not suffer from electromigration, (iii) they can be placed underneath the hot-wire avoiding an additional thermal bridge between the hot-zone of the sensor and the substrate, (iv) they can be designed extremely small and placed in the hottest area of the membrane (Fig. 5) for enhanced convection effects and thus higher sensitivity (Fig. 6) and faster thermal dynamics, (v) they exhibit highly reproducible performance because the fabrication tolerances for the silicon layer are smaller than those associated with metal layers, and (vi) the diode sensitivity can be enhanced at even higher levels (Fig. 7) by putting more diodes in array form (the number of diodes in series is limited by the read-out circuitry supply voltage), and by decreasing the diode driving current density (a trade-off with the maximum operating temperature must be taken into account). Please note that the presented design is not optimized since the diodes are not all placed in the hottest area of the membrane but distributed within it; nevertheless an improvement as high as 380% in average sensitivity is achieved in comparison to thermoresistive transduction principle.
Bidirectional and multidirectional thermoelectronic flow sensors can also be designed by placing arrays of diodes symmetrically arranged aside and around a heating element. For instance, in Fig. 8 a close-up of the membrane area of a multidirectional flow sensor is presented, along with flow direction sensing capabilities in Fig. 9 . The sensor has a multi-ring type heating element, in order to generate a temperature profile with circular symmetry and four arrays of five diodes each symmetrically placed around the heater. By coupling the differential outputs (north-south and east-west) generated by sensing pairs orthogonally arranged with respect to each other it is possible to obtain the flow direction on the plane parallel to the chip surface with a 5° accuracy.
CONCLUSIONS
In this paper we have presented design and characterisation of a CMOS MEMS thermoelectronic flow sensor (i.e. a thermal flow sensor employing p-n junction based devices as temperature sensors). The sensor takes advantage of (i) tungsten as material for the heating element, (ii) diodes as temperature sensing elements, and (iii) a full dielectric membrane as thermal isolation structure. This allows the sensor to operate at high temperature, reliably and with low power consumption, for improved convection effects and thus high sensitivity and fast dynamics. Throughout the paper we discuss the benefit of our approach in comparison to the more studied thermoresistive and thermoelectric flow sensors. We also show 3D FEM simulation results explaining the reasoning behind our choice of using small diodes located in the middle of the hot-wires as sensing elements. And finally we conclude proposing a thermoelectronic flow sensor with multidirectional flow sensing capabilities.
We also believe that all the considerations regarding the advantages of using diodes as temperature sensing elements in thermal flow sensors hold true for other thermal based physical sensors (e.g. accelerometers, gyroscopes, pressure sensors, thermal conductivity gas sensors, acoustic particle velocity, etc.). Thus this work also serves the purpose of fostering further studies and development of thermoelectronic physical sensors within the research community.
